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AMPLITUDE OF PcP, PcS, ScS, AND ScP 
IN DEEP-FOCUS EARTHQUAKES* 
By I~z iM ER~IN 
ABSTRACT 
• (displaeement~ 
A systematic study has been made of the ratios of \ period ] of PeP, PcS, ScS, and SeP to 
{ (displacement'~ / /d i sp lacement~  
that of the corresponding incident wave e.g., \. ~ ]Pe / \  period ]~S'  using 
intermediate and deep-focus earthquake seismograms. The results indicate that the observed ratios 
of the horizontal components of the waves that are reflected as P waves (i.e., PeP/P  and SeP/S) 
and that of the vertical component of the waves that are reflected as S waves (i.e., SeS/S and 
PcS/P) at the mantle-core boundary are considerably larger than the theoretical ones, whereas 
the observed ratios of the vertical component of the first group and that of the horizontal compo- 
nent of the second group are in fairly good agreement with the theoretical values. Theoretical 
computations were based on the assumption that in the ease of a longitudinal wave the vibration 
is in the direction of propagation and in the ease of a transverse wave the vibration is perpendicular 
to the direction of propagation. It is further found that the behavior of the direct P and S waves 
is in accord with the theory, but the vibration of the ground is not in the direction of propagation 
for PeP and ScP and is not perpendicular to the direction of propagation for PeS and ScS. 
INTRODUCTION 
THE PURPOSE of this work is to compare theoretical nd observed ground displace- 
ments produced by PeP, PeS, ScSi~and ScP, as well as direct P and S waves, upon 
their arrival at the surface of the earth, using seismograms of intermediate and deep- 
focus earthquakes that were recorded by standard seismographs at Pasadena. The 
same problem was treated by Mariner [14] ,1 who used Pasadena seismograms of
shallow shocks (h = 60 kin.). He also used Dana's [2, 4] calculated values, ~and 
compared them with his observational results. Dana had previously computed the 
theoretical ground displacements for P, SV, PeP, PcS, SeS, ScP, etc., as well as 
the displacement ratios of the waves reflected at the mantle-core boundary to that 
of the incident wave. His calculations were based on the formula given by Guten- 
berg [5, 6, 7], who had derived it from the original theory of Zoeppritz (Zoeppritz, 
Geiger, and Gutenberg [19]). The expression for the calculation of the ground dis- 
placement during a single body wave as a function of the epieentral distance is
where 
KTN .v /E1 (1) 
Y sin i hd ih /dA  
N = Q ~(F IF2  • • • F~) e -kD (2) 
sin A cos i0 
In equation (2) : 
K is a constant depending on the fraction of the energy Ei passing into the 
wave under consideration. It has three distinct values, for waves starting 
respectively as P, SH, and SV. 
• Condensed from a Ph.D. dissertation at the California Institute of Technology. Manuscript 
received for publication July 5, 1950. 
Numbers in square brackets refer to the references listed at the end of this paper. 
2 Dana has assumed that lob = io, for ScP and PeS. Therefore his values for these two waves 
are not correct and should be recalculated. 
[63] 
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T is the period of the observed wave. 
Q (or u/Ae, w/Ae) is the ratio of the horizontal and the vertical component 
of the total ground displacement (uand w respectively) to the amplitude 
of the incident wave. 
F is the ratio of transmitted or reflected energy to incident energy at each 
point where the wave has encountered a discontinuity. 
e -kD is the absorption factor, where k = 0.00012/kin. as given by Gutenberg 
[ 7 ] and D is the distance measured along the wave path. 
ih is the angle of incidence at the source at a depth h. 
i0 is the angle of incidence at the point of arrival at the surface. 
A is the epicentral distance. 
Since, previously, no theoretical values taking the depth of focus into account 
had been computed, the author has computed the theoretical values of N using the 
formula (2) for P, S, PeP, PcS, ScS, and ScP, for three different focal depths, namely, 
100, 400, and 700 km. 
When a P or S wave is incident at any discontinuity, the refracted and reflected S 
waves are of SV type, and when an SIt wave is incident, it is reflected as SH wave 
only and no other type of wave is produced. But the direct S wave and ScS have 
both SV and SH components. The ratio SH/SV depends mainly on the mechanism 
of the shock and may have any value. To calculate the Values of N for S and ScS, 
it was assumed that SH/SV = 1, i.e., the energy that passes into the S wave is 
divided equally between SV and StI. Since SIt ha~s no vertical component, any alter- 
nate assumption does not affect he value of N of the vertical component. 
CALCULATED VALUES 
Since in formula (1) K, T, and E1 are not known, only N, which actually is 
1 u, w 
N-  
T 
- - - - ,  (3) 
can be calculated numerically. The symbols U and W will be used to denote the 
horizontal and the vertical N respectively. 
The values of Q were taken from Gutenberg [ 6; see his table 5c]. 
For the angles of incidence ncountered in this work (0 ° - 40 °) the values of F~ 
for the waves crossing the discontinuities separating the crustal layers are very close 
to unity. For this reason the effects of these discontinuities on all types of waves 
under consideration were neglected, and only F due to the reflection at the mantle- 
core boundary was used. These values were taken from Dana [2, 3]. 
For the absorption factor, k --- 0.00012/km. was used and the distance was read 
approximately from an actual plot of the ray path. 
For the direct P and S waves, i0 was computed as a function of the epicentral 
distance A from Benndorf's theorem: 
V0 sin i0 - , (4) 
~A 
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where Vo is the wave velocity at the surface of the earth and S~ is the apparent ve- 
locity at the epicentral distance A. Gutenberg's recent figures for Vo, namely, 
V0(S) = 3.6 km/sec, and V0(P) = 6.5 km/sec., were used. 
Again, for the direct P and S waves, ih was computed from the formula 
rsin i 
- const., (5) 
v (along the same ray) 
assuming the following velocities at different depths: 
h Vh (P) va (s) 
(kin.) (km/sec.) (kin/see.) 
0 6.5 3.6 
100 8.O 4.5 
400 9.2 5.1 
700 10.6 5.9 
For PcP, PeS, ScS, ScP waves, i0 and ih and A were calculated as a function of 
the angle of incidence at the mantle side of the mantle-core boundary (i¢) ;i0 and A 
were taken from Dana [2], corresponding to a given io, and A's were then corrected 
for the depth of focus (these corrections for P and S waves were given in Gutenberg 
and Richter [11, first paper; see their tables la and 3a respectively]; ih was com- 
puted from formula (5), making the following assumptions: 
ro = the radius of the core = 3,466 km. 
V~ = the velocity in the mantle just outside the core, V¢(P) = 13.7 km/sec., 
Vc(S) = 7.25 km/sec. 
After i0 and ih are determined as described above, cos ih is plotted against A. By 
measuring the slope of this curve, (d cos ih/dA) can be obtained. This is the only 
quantity involved in the calculation that does not vary smoothly, if l~a values are 
used to calculate i0 and ih. For the direct P and S waves, l?a were determined for 
every five degrees of epicentral distance, using Pasadena travel-time curves and 
tables; then cos ih = f(k) curves were plotted and smoothed and the slopes were 
measured. For PeP, PcS, ScS, and ScP waves, i0, ih, and A were calculated as a 
function of i¢. 
The calculated values are given in tables 1-6 below as A = 6.3 - log U (or 
6.3 - log W). 
OBSERVED GROUND DISPLACEMENTS 
Materials used for this research were obtained from the seismograms recorded at 
Pasadena. Most of the intermediate and deep-focus hocks were recorded in the 
years 1940-1945. Some well-recorded shocks from 1937 to 1940 and a few shocks 
later than 1945 were also included. After combining N-S and E-W components 
into one horizontal component vectorially, the percentage of readings for each 
instrument is as follows: 
Long-period torsion horizontal, 36 per cent of the total horizontal readings 
Long-period Benioff horizdntal, 48 per cent of the total horizontal readings 
Short-period Benioff horizontal, 16 per cent of the total horizontal readings 
Long-period Benioff vertical, 50 per cent of the total vertical readings 
Short-period Benioff vertical, 50 per cent of the total vertical readings 
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The magnification curves were taken from Martner [14]. He discusses the deter- 
mination of the dynamic magnification of the electromagnetic seismographs in
detail. It is sufficient to repeat here that the relative amplifications (the response 
characteristics) of these seismographs are more accurately known than their abso- 
lute magnifications, so that the ratios of the amplitudes oftwo different waves (e.g., 
PeP/P) read on the same seismogram are more accurate than the individual ones. 
In order to compare the observed values with the calculated ones, for each wave 
the largest amplitude recorded on a given seismogram is measured to the tenth of a 
millimeter and expressed in mm., and the period associated with this largest ampli- 
tude is read in seconds. Then the trace amplitude ismultiplied by the factor Ae/A* 
To 
(taken from Martner), where Ae is the amplitude of the ground motion in microns, 
A* is the trace amplitude in millimeters, and Te is the period of the ground motion, 
to get the Ao/T~ ratio, which is another symbol for u, w 
T 
The average ratios of periods of the reflected waves to that of incident wave are 
shown below: 
TPez'/ TP TPcs/ Tz, Tsts/ Ts TscP / Ts 
Long-period instrument . . . . . . . . . . . .  0.92 (121) 1,46 (29) 0.85 (122) 0.80 (51) 
Short-period instrument . . . . . . . . . . .  0.93 (75) 1.15 (9) 1.0 (4) . . . . . . . .  
(Number of readings are shown in parentheses) 
The accurate recognition of the various waves is the most important part of the 
problem. 
The smallest distances encountered are those of Mexican intermediate shocks 
which start at A = 21]/~ °,and the largest A's belong to some Tonga-New Hebrides 
deep-focus earthquakes ranging up to A = 871/~ °. A total of 631 readings for 69 
shocks were used for this report. Their epicentral distances cover the range 21~ °- 
87~ °. The focal depth varies from 70 kin. to 650 km. 0nly twelve real deep-focus 
shocks (h >- 300 km.) are included in this work. 
METHODS OF COMPARING THE CALCULATED AND THE OBSERVED 
GROUND DISPLACEMENTS 
One method of comparison is to take the observed ratio of ~ of the reflected wave 
to that of the incident wave and compare these with the ratio of N (formula 4) of 
the reflected wave to N of the incident wave. Since it is assumed that K vrE-~ has the 
same value for all waves leaving the source as the same type, by taking the ratio of 
calculated N's (or U's and W's) for PeP/P, PcS/P, ScS/S, ScP/S the values of 
K%/E-~ cancel in each case and the calculated ratios can be compared irectly with 
the observed ratios. 
The second method for comparing the calculated and the observed values consists 
of calculating the "A" values. 
"A" values were defined by Gutenberg (7) as follows: 
Theoretical A: At = C - log U (or C - log W) (6) 
(~, or W~ 
Observed A: Ao = M - log (---ff- iob~, - 0.1 (M - 7) - 0.2 (7) 
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where C is a constant which for practical purposes was assumed by Gutenberg to 
be 6.3 in all shocks for P waves and also for S waves (SV and SH combined) (Guten- 
berg [7]). For Pasadena, a station correction -0 .2  was used in this work: last 
term in (7) above. 
In formula (7), M is the magnitude of the earthquake in question as defined 
originally by Richter [16]. The magnitudes are determined (Richter [16], Guten- 
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berg [7 and 8]) from observed amplitudes and periods, using a variety of stations, 
instruments, wave types (chiefly P, PP, and S), and distances. 
For each observation, At - Ao, which we shall call "residual" in the following dis- 
cussion, was determined. These residuals are plotted against he epicentral distance 
in figures 5-10. A positive residual (At - A > 0) means that the observed isplace- 
ment/period is larger than the theoretical ones, and conversely. 
RESULTS 
In figure 1, log Poe / \ - -T - )e f  is plotted against he epicentral distance. 
The solid curves are the corresponding theoretical ratios. The average discrepancy 
(observed minus computed) between the observed and the theoretical ratios of the 
horizontal component is about +0.8, 3except for A < 30 °, where it is still higher. 
It is important to note here that no definite appreciable effect of the epicentral dis- 
3 These figures are the logarithms ofthe quantities involved. 
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tance on the discrepancy can be detected from the results. For the vertical compo- 
nent of the same ratio, observed values are on the average higher than the theoretical 
ones, but not as much as in the case of the horizontal component, the average dis- 
crepancy being approximately +0.3 or +0.4. For epicentral distances between 40 ° 
and 60 ° the agreement is fairly good. In any case, when an explanation for the abnor- 
mal discrepancies observed is sought, the horizontal component ratios are the ones 
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that should attract more attention, although any explanation that can be proposed 
should not change the vertical component ratios in the wrong direction. 
The data for ScP/S (fig. 2) are not abundant, and they only cover an epicentral 
range 250-50 ° . However, the available data definitely show that the observed hori- 
zontal ratios are about five or more than five times larger than the theoretical ones 
around 300-35 °, decreasing somewhat s the epicentral distance becomes larger. The 
same effect of the epicentral distance can be observed for the vertical-component 
ratios; here, the average discrepancy is about +0.4, indicating that the observed 
ratios are about wo or three times larger than the theoretical ones. 
The horizontal component of the observed ratios of PcS/P (fig. 3) are in good 
agreement with the theoretical ratios. Although only a limited number of data are 
available, nevertheless allthe points of the observed values fall along the calculated 
curve. As PcS arrive right after SeP and close to it, in many instances it is difficult 
to identify them separately. However, the difference in the arrival times of these 
two waves increases with the focal depth. Although the observed ratios for the hori- 
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zontal component of PCS/P  fit the theory nicely, the observed vertical displacement 
ratios are on the average five times larger than the calculated ratios. 
The observed horizontal ScS/S (fig. 4) ratios (SH/SV is assumed to be "one") 
are in fairly good accord with the theoretical results except for A < 40 °, where they 
are larger. The observed vertical component ratios of ScS/S are ten or more times 
larger than the corresponding theoretical values around A = 30 °. This difference 
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decreases as A increases, and for A = 70 ° the observed results fit the theoretical 
curve nicely. 
The foregoing analysis of data can be summarized as follows. The observed ratios 
of the horizontal displacements of the waves that are reflected as P wave at the 
mantle-core boundary to those of the incident wave are on the average six or seven 
times larger than the theoretical ratios. The observed ratios of the vertical compo- 
nents of these waves are only two or three times larger than the theoretical ones. 
(This group includes PcP /P  and ScP/S.) For the waves that are reflected as S wave 
at the same boundary, the observed horizontal-component ratios are in fairly good 
agreement with the theoretical ratios, but the observed vertical-component ra ios 
• of the same waves are considerably larger than the theoretical ones. (This group 
includes ScS/S and PcS/P.) The vertical-component ratios of ScS/S and PcS/P  
show some effect of the epicentral distance; the discrepancy between the theoretical 
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and the observed ratios decreases at large epicentral distances. These conclusions 
are presented in the following table in a more condensed form: 
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-I.O 
Observed ground displacement/period ratios: 
greater than in fairly good agreement with 
the theoretical ratios the theoretical ratios 
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The results obtained from At - Ao residuals as a function of the focal depth are 
in good agreement with those that were obtained from the study of the ground dis- 
placement/period ratios. The depth of focus does not play any role in the variation 
of the residuals. 
The average residuals are tabulated below. 
Average residual 
P . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
PeP . . . . . . . . . . . . . . . . . . . . . . . . . .  
PcS. . . . . . . . . . . . . . . . . . . . . . . . . .  
S . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ScS . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ScP . . . . . . . . . . . . . . . . . . . . . . . . . .  
Horizontal Vertical 
co~nponent component 
=t=0. * ±0.0  
+0.8  +0.4  
=t=0.0 +0.6  
--0.1 --0.1 
+0.1  +0.5  
+0.75 +0,35 
* These figures are the logarithms of the quantit ies involved. 
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The residuals At - Ao are plotted against he epicentral distance in figures 5-10. 
Here again each figure consists of two parts, the upper part representing the hori- 
zontal component and the lower the vertical eomponent. The characteristic features 
of the residuals as a function of the epieentral distances are listed below. 
1. Direct P wave (fig. 5) 
a. Horizontal component: The mean residual curve can be represented by a 
straight line that has a slight positive slope. The residual is negative for A < 35 °, 
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and positive for A > 35 °, thus increasing slightly with the increasing epicentral 
distance. However, this mean residual ine is very close to the zero line at all dis- 
tances. 
b. Vertical component: These residuals as a whole have a picture similar to that 
of the horizontal-component residuals. 
2. PcP (fig. 6) 
a. Horizontal component: For all epicentral distances a line parallel to the zero 
line can be drawn to represent a mean residual which is approximately +0.8. The 
residuals for A < 30 ° are somewhat higher than this over-all mean. 
b. Vertical component: The line representing the mean residuals has a very 
slight positive slope. The over-all mean residual is about +0.3 (putting more weight 
on the readings from the long-period seismograph seismometers). 
3. PeS (fig. 7) 
a. Horizontal component: There are only a few readings for this wave, all of 
which line up around the zero line so that the over-all average residual is 4-0. 
b. Vertical component: The over-all mean residual is approximately +0.7. 
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4. s (fig. s) 
Both horizontal and vertical components have an average residual line with a 
slight positive slope. The over-all mean value is slightly negative for both. 
5. SoS (fig. 9) 
a. Horizontal component: The line representing the average residuals has 
slight negative slope. Over-all mean is very close to zero. 
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b. Vertical component: Here again we observe a very slight negative slope. 
The over-all mean residual is about +0.3. The residuals for A < 40 ° are consider- 
ably larger than this over-all mean. 
6. ScP (fig. 10) 
a. Horizontal component: Here too a slight negative slope is present. The over- 
all mean residual is approximately +0.75. 
b. Vertical component: The mean residual line is parallel to the zero line and the 
over-all mean is about + 0.3. 
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The foregoing analysis of the characteristic features of the residuals as a function 
of the epicentral distance show that the results are again in good agreement with 
those that were obtained by considering the displacement ratios which were sum- 
marized on page 70. 
The advantage of the residual (At - Ao) method is that it brings up the individual 
features of the displacements foreach wave separately. 
OBSERVED APPARENT ANGLES OF INCIDENCE 
The large observed horizontal-component ratios of PcP/P and other anomalous 
large observed results have led us to investigate the observed angles of vibration 
for P, PcP, S, and ScS waves. The observed angle of vibration ~ is calculated by 
= tan -1 (for longitudinal waves). 
obs. 
To calculate ~ by this formula we used u and w as obtained from the same type of 
horizontal and vertical instruments. For this purpose only long-period Benioff in- 
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struments supplied sufficient data. The results are shown in figures 11 and 12 for P 
and PcP waves respectively. The observed angle of vibration of PcP has an average 
value 350-40 °. There. is a tendency for the observed ~ to decrease slightly as A in- 
creases. The angle of incidence (i0) of PcP as calculated from the apparent velocity 
of PcP by Benndorf's theorem starts from zero at A = 0, increases lowly as the 
epicentral distance increases, and reaches a value little more than 15 ° at the largest 
epicentral distances. The observed angles of vibration of the P wave are somewhat 
smaller than the theoretical angles of incidence at small epicentral distances, and 
larger for large epicentral distances; but in general they fit the present theory fairly 
well. 
From the consideration of the angles of vibration of the direct P wave and PcP 
wave it can be concluded that the anomalous character of the observed ground dis- 
placement/period ratios of PcP/P are due to the behavior of the PcP wave and not 
due to the behavior of the P wave. This fact is further evidenced by the results of 
At - Ao residuals. 
The angles of vibration of S-type waves can be obtained from the formula 
~= tan -~ (W) ob~ '
Using ground displacement values that were obtained from the records of the long- 
period horizontal-component and vertical-component Benioff electromagnetic in- 
struments, g's for S and ScS were determined. These angles of vibration are plotted 
in figures 13 and 14 respectively. On the average, the observed angle of vibration 
for ScS is about 32 ° at all epicentral distances, which is considerably larger than 
the calculated angles of incidence. On the other hand, the average observed angle 
of vibration for the direct S wave is somewhat smaller than the calculated angle of 
incidence at small epicentral distances, and larger at large epicentral distances; but 
in general they are fairly close to the theoretical angles of incidence. This result, as 
should be expected, is in accord with the result mentioned previously that the ob- 
served and calculated ground displacement/period ratios of ScS/S are in better 
agreement at large epicentral distances. 
According to the present heory, the angle of vibration (g) of both P and S waves 
should differ from the angle of incidence (i0), for the range of values considered here, 
by only about 20-3 ° at the most, assuming of course that for longitudinal waves the 
vibration is in the direction of propagation, and that for transverse waves the vi- 
bration is perpendicular to the direction of propagation. The obsel~ational results 
strongly indicate that for PcP the vibration is not in the direction of propagation, 
and that for ScS the vibration is not perpendicular to the direction of propagation. 
The angle between the normal and the direction of the ground vibration produced 
upon the incidence of a PcP wave at the surface of the earth is shown in figure 15. 
In order to check the angle of incidence (angle of arrival) of the PcP wave, nine 
Mexican and Central American shocks were selected which were recorded at all 
three stations, namely, Pasadena, Palomar, and Tinemaha. The differences of 
arrival times (d) of PcP between two stations that line up with the epicenter were 
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obtained from the Bulletins of the Seismological Laboratory at Pasadena, and are 
listed below: 
Out of nine cases (Pasadena-Palomar): for 2 shocks, d = 2 seconds 
for 4 shocks, d = 3 seconds 
for 2 shocks, d = 4 seconds 
for 1 shock, d = 7 (?) seconds 
Ou~; of eigh~ cases (Tinemaha-Palomar) : for 4 shocks, d ~ 8 seconds 
for 3 shocks, d = 9 seconds 
for 1 shock , d = 14 (?) seconds 
W , /1~ 
// i / u i 
d'] 
Fig. 15. 
In both cases, except only for one shock, these differences are in close agreement 
with the ones given by the travel-time curves for the corresponding focal depth 
and the epicentral distance range (31°-35°). 
DISCUSSION OF THE I~ESULTS~ AND CONCLUSION 
In the last section, the facts that could be detected from the data were presented 
without any at tempt at explanation. I t  is now possible to discuss them and to seek 
explanations of the observed results. 
The fact that the same results were obtained by another investigator minimizes, 
if it does not eliminate, systematic error of measurements a the cause of the dis- 
crepancies. As was mentioned earlier, the instrumental constants are fairly accurate; 
and if the displacement ratios instead of individual displacements are considered, the 
accuracy is higher. Hence the sources of error must be sought in the assumptions 
involved in the derivation of the theoretical equations (1) and (2). Mariner [14] 
has carefully reconsidered each factor involved in equation (2), making alternate 
possible assumptions regarding the velocities of the P wave near the surface of the 
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earth, in the mantle just outside the core, and in the core near the mantle-core 
boundary. He has also tried alternate possible density ratios at the mantle-core 
boundary. The effects of these alternate assumptions a calculated by Martner can 
be summarized as follows. 
To calculate the energy ratios of the reflected and the refracted waves at the 
mantle-core boundary, Dana [3] had used the following velocities and densities: 
V (P, mantle) = 13.7 km/sec., V (P, core) = 8.0 km/sec., p (core/p (mantle) = 
10.1/5.4. Leaving V (P, mantle) as 13.7 km/sec, and assuming for V (P, core) = 7 
km/sec, and 9 km/sec, and for P2/Pl = 2.0, 1.5, and 1.0, Martner calculated different 
curves for %/Erenectea P/Einoidon~ e for six possible combinations of these parameters. 
He finds that only when V (P, core) = 9 kin/see, and p2/pl = 2.0 is the energy ratio 
curve above the curve given by Dana, and in that case it only increases by 16 per 
cent. Assuming the longitudinal wave velocity near the surface of the earth to be 
8.0 kin/see., Martner has calculated the theoretical ngles of incidence for PeP. 
This higher velocity gives an angle of incidence at the largest epicentral distance of 
about 18~/~ °, which is only three degrees larger than the one we have obtained on 
the assumption that the longitudinal velocity near the surface is 6.5 kin/see., and 
still far smaller than the observed apparent angle of incidence. 
The observed large ground displacements due to PcP and others may seem to 
suggest hat the energy released at the focus does not propagate qually in all 
directions. This would mean that a larger fraction of energy is propagated vertically 
downward (thus going into PeP wave) and decreasing as the angle of incidence at 
the focus increases. If this were the case, the energy going into P and PeP waves at 
large epicentral distances should be nearly the same and the observed values hould 
fit the theoretical curve at the large epicentral distances; and, too, the discrepancies 
for the horizontal and the vertical components should be the same. But the results 
are far different: the discrepancies for PcP/P ratio are almost the same for all 
distances. 
Thus, we are unable to explain the large observed ground displacements due to 
the waves that are reflected at the mantle-core boundary by any alternate possible 
assumptions in regard to the velocity and the density distribution i  the neighbor- 
hood of the discontinuity, and the velocity near the surface of the earth. The azi- 
muths as calculated from PcP show no appreciable departure from those that are 
calculated from P, and the angle of arrival as calculated from the arrival-time 
differences of PeP between two near-by stations which line up the epicenter show 
no departure from the present theory of propagation of the seismic waves. But we 
have strong evidence that the ground vibrations due to PcP waves are not in the 
direction of propagation at the recording station, whereas the vibration due to the 
direct longitudinal wave is nearly in the direction of propagation. It seems logical 
that at this point we ask: " I s  it possible to have a P wave for which the vibration 
is not in the direction of propagation? Could it be a combination of transverse and 
longitudinal waves traveling together?" The theory shows that in an isotropic 
medium soon after eflection longitudinal nd transverse waves will separate as they 
travel with different velocities. As early as 1911 Rudzki [ 17 ] investigated the propa- 
gation of a disturbance in an anisotropic medium. He considered the case of the 
crustal layers of the earth and assumed the medium to be transversely isotropic and 
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vertically anisotropic. Recently, Stoneley [18] published a paper in which he con- 
siders the same problem in the same manner. Rudzki's original paper, in which 
reflection and refraction under assumed conditions were also considered, was not 
available to the present writer. In a review of Rudzki's paper it is indicated that 
under these conditions there will neither be a purely longitudinal nor a purely trans- 
verse wave. Stone!ey expresses the same opinion in the following words: "Under 
these assumptions, with body waves the sharp distinction into compressional nd 
distortional waves does not hold." Stoneley does not go into the problem of reflection 
and refraction; he merely indicates that by setting up the relevant boundary con- 
ditions the reflection and refraction can be worked out. 
Further theoretical research isneeded to solve the problem. 
Note added in proof.--After this paper was sent to the publisher, this problem was 
studied by a different method of approach, which gave some light on the cause of 
the discrepancies found. See Kazim Ergin, "Observations on the Recorded Ground 
Motion Due to P, PeP, S, ScS," Bull. Seism. Soc. Am., 43:263-270 (1952). 
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TABLE 1 
VALUESOFA =6.3 - -1ogU(or6 .3 -1og  W) ASAFUNC~ONOFA( IN  DEGREES) ,FORP 
= 100 k in .  h = 400 k in .  h = N0 km.  
Ho~zontal ~r f i~ l  HorizontM Ver~l  
5 .8  5:7 
6 .2  6 .0  6 .2  6 .0  
6 .5  6 .3  6 .4  6 .2  
6 .6  6 .4  6 .3  6.1 
6 .4  6 .3  6 .3  6 .0  
6 .5  6 .3  6 .6  6 .3  
6 .7  6 .4  6 .8  6 .6  
6 .6  6 .4  6 .6  6 .4  
6 .7  7 .4  6 .6  6 .3  
6 .8  6 .5  6 .7  6 .4  
6 .8  6 .5  6 .7  6 .4  
7 .0  6 .6  7 .0  6 .4  
7.1 6.7 6 .9  6 .5  
7 .2  6 .8  7 .0  6 .6  
7.1 6.7 7 .2  6.7 
7 .2  6 .7  7 .3  6 .8  
7 .5  7 .0  7 .4  6 .9  
A I-Iorizontal Vertical 
20 . . . . . . . . . . . . . . . . . . . . .  5 .8  5 .6  
25 . . . . . . . . . . . . . . . . . . . . .  6 .1 6 .0  
30 . . . . . . . . . . . . . . . . . . . . .  6 .3  6 .2  
35 . . . . . . . . . . . . . . . . . . . . .  6 .6  6 .4  
40 . . . . . . . . . . . . . . . . . . . . .  6 .6  6 .4  
45 . . . . . . . . . . . . . . . . . . . . .  6 .6  6 .4  
50 . . . . . . . . . . . . . . . . . . . . .  6 .8  6 .6  
55 . . . . . . . . . . . . . . . . . . . . .  7 ,0  6 .7  
60 . . . . . . . . . . . . . . . . . . . . .  6 .9  6 .6  
65 . . . . . . . . . . . . . . . . . . . . .  6 .8  6 .5  
70 . . . . . . . . . . . . . . . . . . . . .  6 .8  6 .5  
75 . . . . . . . . . . . . . . . . . . . . .  7 .0  6 .6  
80 . . . . . . . . . . . . . . . . . . . . .  7 .1 6 .8  
85 . . . . . . . . . . . . . . . . . . . . .  7 .2  6 .8  
90 . . . . . . . . . . . . . . . . . . . . .  7 .2  6 .7  
95 . . . . . . . . . . . . . . . . . . . . .  7 .6  7 .0  
100 . . . . . . . . . . . . . . . . . . . . .  7 .4  7 .0  
TABLE 2 
VALUESOFA =6.3--IogU(oR6.3--1ogW) ASAFUNCTIONOFA(INDEGREES),FO~PcP 
h = 100 kin. h = 400 kin. h ~ 700 kin. 
A Horiz. Vert. A Horiz. Vert. A Horiz. Verb. 
8 .1 . . . . . . . . .  9 .0  7.7 8 .0  . . . . . . . . .  8 .9  7 .6  7 .9  . . . . . . . . .  8 .9  7 .6  
16.7 . . . . . . . . .  8 .5  7 .5  16.4 . . . . . . . . .  8 .4  7 .4  16.0 . . . . . . . . .  8 .3  7 .3  
25.3 . . . . . . . . .  8 .1  7 .3  24.8 . . . . . . . . .  8 .0  7 .2  ~.1  . . . . . . . . .  7 .9  7 .0  
34 .4  . . . . . . . . .  7 .9  7 .2  33.8 . . . . . . . . .  7 .8  7.1 32.8 . . . . . . . . .  7 .7  7 .0  
~.8  . . . . . . . . .  7 .8  7 .2  ~.0  . . . . . . . . .  7 .7  7.1 42.8 . . . . . . . . .  7 .6  7 .0  
56 .4  . . . . . . . . .  7 .7  7 .2  55.5 . . . . . . . . .  7 .7  7.1 54.2 . . . . . . . . .  7 .6  7 .0  
71.2 . . . . . . . . .  8 .0  7 .4  70.3 . . . . . . . . .  7 .9  7 .3  68.8 . . . . . . . . .  7 .8  7 .3  
91.3 . . . . . . . . .  8 .4  7 .8  90.3 . . . . . . . . .  8 .3  7 .8  88.8 . . . . . . . . .  8 .2  7 .7  
97.8 . . . . . . . . .  9 .5  9 .0  96.8 . . . . . . . . .  9 .5  9 .0  95.3 . . . . . . . . .  9 .5  8 .9  
102.8 . . . . . . . . .  7 .9  7 .4  101.8 . . . . . . . . .  7 .8  7 .3  100.3 . . . . . . . . .  7 .8  7.3 
TABLE 3 
VALUEsoFA = 6.3 - - log  U (oa6 .3 - log  W) ASAFUNCTIONOFA(IN DEGREES),FORPCS 
h = 100 kin. h = 400 kin. h = 700 km. 
A Horiz. ~r t .  
0 .0  . . . . . . . . . . . .  
6 .3  . . . . . . . . . .  7 .4  9 .0  
12.6 . . . . . . . . . .  7 .1 8 .4  
19.0 . . . . . . . . . .  7 .0  8 .1  
25.6 . . . . . . . . . .  6 .9  7 .9  
32 .9  . . . . . . . . . .  7 .0  7 .9  
~.2  . . . . . . . . . .  7 .1 7 .9  
48 .6  . . . . . . . . . .  7 .2  8 .0  
57.5 . . . . . . . . . .  7 .3  8 .1  
61.2 . . . . . . . . . .  7 .4  8 .2  
65 .0  . . . . . . . . . . .  
A ~or~. Verb. A Horiz. Verb. 
0 .0  . . . . . . . . . . . .  0 .0  . . . . . . . . . .  ~ 
6 .2  . . . . . . . . . .  7 .3  8 .9  6.1 . . . . . . . . . .  7 .2  8 .8  
12.3 . . . . . . . . . .  7 .9  8 .3  12.0 . . . . . . . . . .  6 .9  7 .9  
18.5 . . . . . . . . . .  6 .9 8 .0  17.8 . . . . . . . . . .  6 .8 7.9 
25.0 . . . . . . . . . .  6 .8  7 .8  ~.1  . . . . . . . . . .  6 .8  7 .7  
32.1 . . . . . . . . . .  6 .9  7 .8  ~.9  . . . . . . . . . .  6 ,8  7 .7  
39.3 . . . . . . . . . .  7 .0  7 .8  38 .0  . . . . . . . . . .  6 .8  7 .7  
47 .7  . . . . . . . . . .  7 .0  7 .8  46 .2  . . . . . . . . . .  7 .0  7 .8  
56 .6  . . . . . . . . . .  7 .2  8 .0  55 .5  . . . . . . . . . .  7 .1 7 .9  
60.2 . . . . . . . . . .  7 .3  8 .1  58.7 . . . . . . . . . .  7 .2  8 .2  
64.0 . . . . . . . . . .  ~ ~ 62.5 . . . . . . . . . .  ~ 
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TABLE 4 
VALUEsoFA = 6 .3 - - log  U (o~6.3 - - log  W) ASAFUNCTIONOF~( IN  DEGREES) ,FoRSV 
h = 100 km. h = 700 km. 
I-Ioriz. ~qert. 
h = 400 km. 
A Horiz. Yert, Horiz. Vert. 
20 . . . . . . . . . . . . . . . . . . . . .  6 .5  5 .7  . , .  . . .  
25 . . . . . . . . . . . . . . . . . . . . .  5 .8  6 .1  5 ,8  6 .0  
30 . . . . . . . . . . . . . . . . . . . . . .  6 .2  6 .4  6,1 6 .3  
35. 6 .4  6 .6  6 ,3  6 .5  
. . . . . . . . . . . . . . . . . . . . .  6 .4  6 .6  6 .3  6 .6  
45 . . . . . . . . . . . . . . . . . . . . .  6.5  6 .8  6 .4  6 .6  
50 . . . . . . . . . . . . . . . . . . . . .  6 .8  7 .0  6 .5  6 .8  
55 . . . . . . . . . . . . . . . . . . . . .  6 .5  6 .8  6 .5  6 .8  
60 . . . . . . . . . . . . . . . . . . . . .  6 .5  6 .8  6 .4  6 .7  
65 . . . . . . . . . . . . . . . . . . . . .  6 .6  6 .9  6 ,6  6 .9  
70 . . . . . . . . . . . . . . . . . . . . .  6 .7  7 .1  6 .8  7.1 
75 . . . . . . . . . . . . . . . . . . . . .  7 .0  7 .3  6 .8  7.1 
80 . . . . . . . . . . . . . . . . . . . . .  6 .9  7 .2  6 ,7  7 .0  
85 . . . . . . . . . . .  • . . . . . . . . . .  6 .6  7 .0  6 .6  6 .9  
90 . . . . . . . . . . . . . . . . . . . . .  6 .6  7.1 6 .5  7 .0  
95 . . . . . . . . . . . . . . . . . . . . .  6 .8  7 .3  6 .8  7 .2  
100 . . . . . . . . . . . . . . . . . . . . .  7 .0  7 .4  7 .0  7 .5  
5 .9  6.1 
6 .2  6 .5  
6 .3  6 .5  
6 .2  6 .5  
6 .4  6 .6  
6 .4  6 .7  
6 .3  6 .6  
6.3 6 .6  
6 .5  6 .8  
6 .7  7.1 
6 .6  6 .9  
6 .5  .6 .9  
6 .5  6 .8  
6 .5  7 .0  
6 .8  7 .2  
6 .9  7 .4  
TABLE 5 
VA~CES OF A = 6.3 -- log  U (OR 6.3 -- log W) As A FUNCTION OF A (IN DEGREES), FOR ScS 
h = 100 kin. h = 400 km. h = 700 kin. 
A Horiz. Vert. A Horiz. Ver~. A Horiz. Vert. 
8,2  . . . . . . . . .  6 .6  7 .8  8 .0  . . . . . . . . . .  6 .5  7 .8  7 .7  . . . . . . . . . .  6 .4  7 .7  
17.2 . . . . . . . . .  6 .7  7 .6  16.8 . . . . . . . . . .  6 .6  7 .6  16.3 . . . . . . . . . .  6 .5  7 .4  
26.1 . . . . . . . . .  6 .8  7 .6  25 .5  . . . . . . . . . .  6 .7  7.5 24.8 . . . . . . . . . .  6 .6  7 .4  
26.9 . . . . . . . . .  6 .8  7 .6  26.3 . . . . . . . . . .  6 .7  7 .5  25.6 . . . . . . . . . .  6 .6  7 .4  
27 .9  . . . . . . . . .  6 .6  7 .4  27.3 . . . . . . . .  . .  6 .5  7 .3  26.5 . . . . .  : . . . .  6 .4  7 .2  
30 .5  . . . . . . . . .  7 .0  7 .7  29.8 . . . . . . . . . .  6 .9  7 .7  29 .0  . . . . . . . . . .  6 .8  7 .6  
35.5 . . . . . . . . .  7 .1  7 .8  34.8 . . . . . . . . . .  7 .0  7 .7  33.8 . . . . . . . . . .  6 .9  7 .6  
46.1 . . . . . . . . .  7 .1 7 .7  45.3 . . . . . . . . . .  7 .0  7 .6  44 .2  . . . . . . . . . .  7 .0  7 .6  
58.1 . . . . . . . . .  7 .0  7 .6  57.1 . . . . . . . . . .  7 .0  7 .5  55.9 . . . . . . . . . .  6 .9  7 .4  
72.4 . . . . . . . . .  7 .0  7 .5  71.4 . . . . . . . . . .  6 .9  7 .5  69.9 . . . . . . . . . .  6 .8  7 .4  
90 .8  . . . . . . . . .  7 .2  7 .7  89.7 . . . . . . . . . .  7 .2  7 .6  88.1 . . . . . . . . . .  7 .0  7 .5  
100.8 . . . . . . . . .  7 .3  7 .8  99.7 . . . . . . . . . .  7 .3  7 .8  98 .0  . . . . . . . . . .  7 .2  7 .6  
TABLE 6 
V~LUES OF A = 6.3 -- log U (o~ 6.3 - log W) As A FUNCTION OF A (IN DEGREES), FOR SoP 
h = 100 kin. h = 400 km. h = 700 kin. 
a Horiz. Vert. A Horiz. Vert. A t I0riz.  Ver~. 
0.0  . . . . . . . . . . .  co O.O . . . . . . . . . . .  ¢o 0 .0  . . . . . . . . . . .  co 
12.7 . . . . . . . . . .  8 .4  7 ,4  12.6 . . . . . . . . . .  8 .3  7 .3  12.3 . . . . . . . . . . .  8 .2  7 .2  
28.9 . . . . . . . . . .  7 ,9  7 .2  28 .4  . . . . . . . . . .  7 ,8  7.1 27.8 . . . . . . . . . .  7 .7  7 ,0  
48.7 . . . . . . . . . .  7 .9  7 .4  48 .2  . . . . . . . . . .  7 .9  7 .4  47 .4  . . . . . . . . . .  7 .8  7 .3  
54 .4  . . . . . . . . . .  8 .0  7 .5  53 .8  . . . . . . . . . .  8 .0  7 .5  53.0 . . . . . . . . . .  7 .9  7 .4  
65 .4  . . . . . . . . . .  co co 64.7 . . . . . . . . . . .  ~ 63.8 . . . . . . . . . .  ~ ¢~ 
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